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Abstract
To ensure consistent and high-quality semiconductor production, additional metrology tools are
needed to measure the smallest structures. Due to its high statistical power and the well-known
X-ray optical constants, small-angle X-ray scattering (SAXS) is being considered for this purpose.
Compared to transmission SAXS, signal intensities can be enhanced dramatically by using small
incidence angles in reflection geometry (Grazing-Incidence SAXS, GISAXS), enabling quick
measurements. The capability to reconstruct average line shapes from GISAXS measurements
of gratings has already been proven. However, GISAXS has so far not been used to reconstruct
line shapes of gratings with pitches smaller than 50 nm, which are standard in current-generation
semiconductor manufacturing. In this paper, GISAXS is used to reconstruct the line profile of
a grating with 32 nm pitch produced by self-aligned quadruple patterning (SAQP). It is found
that the reconstructed shape is generally in agreement with previously published SAXS results.
However, the reconstructed line height and line width show deviations of 1.0(2) nm and 2.0(7) nm,
respectively. Additionally, a series of grating samples with deliberately introduced pitchwalk was
measured. Here, it is found that GISAXS yields the pitchwalk in agreement with the SAXS results,
with uncertainties ranging from 푢 < 0.5 nm for small pitchwalks (< 2 nm) up to 푢 ≈ 2 nm for larger
pitchwalks.
1 Introduction
To manufacture semiconductor structures with dimen-
sions smaller than the Abbe limit (Abbe, 1873), multi-
patterning methods have been developed (Wakamoto,
2009), including self-aligned multiple patterning
(Jung et al., 2006). Self-aligned double patterning
1Contact: mika.pflueger@ptb.de
2Physikalisch-Technische Bundesanstalt (PTB), Abbestraße 2-
12, 10587 Berlin, Germany
3National Institute of Standards and Technology, Materials Mea-
surement Laboratory, Gaithersburg, Maryland, United States
4JCMwave GmbH, Bolivarallee 22, 14050 Berlin, Germany
(SADP) as well as self-aligned quadruple patterning
(SAQP) have already been introduced into high vol-
ume manufacturing for the "14nm" node (Natarajan
et al., 2014) and for the "10nm" node (Yeoh et al.,
2018), respectively. These manufacturing schemes
result in more complex geometries, and errors in early
processing steps can be propagated in later steps and
lead to additional defects. Therefore, metrology tools
that are suited for the measurement of these complex
geometries need to be developed (Orji et al., 2018).
One technique which is considered for this purpose
is critical dimension small-angle x-ray scattering in
1
ar
X
iv
:1
91
0.
08
53
2v
1 
 [p
hy
sic
s.a
pp
-p
h]
  1
8 O
ct 
20
19
M Pflüger, RJ Kline, A Fernández Herrero, M Hammerschmidt, V Soltwisch, M Krumrey: Extracting
Dimensional Parameters of Gratings Produced with Self-Aligned Multiple Patterning Using GISAXS
transmission (CD-SAXS) or reflection grazing inci-
dence (CD-GISAXS) geometry (Bunday et al., 2018).
X-ray scattering probes the average structure with nm
precision over a relatively large (µm2) area (Jones et
al., 2003; Sunday et al., 2015). A key problem of scat-
tering in the transmission geometry is that high X-ray
intensities and long measurement times are needed to
penetrate the full sample (Bunday et al., 2018). In con-
trast, in reflection geometry a small X-ray incidence
angle leads to high reflectance and therefore to shorter
measurement times even at lower X-ray intensities
(Levine et al., 1989). However, GISAXS also has
additional challenges compared to SAXS. The small
incidence angle leads to an elongation of the X-ray
beam on the sample, such that very large (mm2) areas
are probed at once. This problemmight limit GISAXS
to applications with large homogeneous sample struc-
tures such as memory manufacturing (Hagihara et al.,
2017) or specifically prepared measurement targets
(Pflüger et al., 2017). Additionally, the higher scatter-
ing intensities also lead to multiple scattering within
the probed structure, leading to a more complex data
evaluation.
Despite these challenges, GISAXS was already
shown to be a suitable method to determine line grat-
ing pitches (Yan and Gibaud, 2007; Wernecke et al.,
2014b) and line profiles (Hofmann, Dobisz, and Ocko,
2009; Soltwisch et al., 2017; Yamanaka et al., 2016)
as well as line-edge roughness (Suh et al., 2016). It
was also used to reconstruct the average profile of
contact holes (Hagihara et al., 2017), to unravel com-
plex hierarchical nanostructures (Khaira et al., 2017)
and to quantify deviations in nanostructure orienta-
tion (Pflüger et al., 2019). However, GISAXS recon-
structions have been limited to structures with rela-
tively large (> 50 nm) pitches. In particular, measure-
ments of grating structures produced by modern multi-
patterning methods, which lead to more complex line
profiles and layer stacks, have not been reported so
far.
In this paper, we will investigate the use of GISAXS
for the reconstruction of grating line profiles and
for the measurement of defects introduced by multi-
patterning methods. In particular, we reconstruct the
line profile of a grating with a pitch of 32 nm man-
ufactured by self-aligned quadruple patterning and
compare the reconstructed line profile to SAXS mea-
surements qualitatively and quantitatively. Then, we
will report on measurements of a series of gratings
with deliberately introduced pitchwalk, which is a
defect commonly introduced by self-aligned multi-
ple patterning, and quantitatively compare the results
obtained from GISAXS with results from SAXS mea-
surements.
2 Methods
2.1 Sample Preparation
The sample consists of a silicon wafer with measure-
ment targets arranged on it in a regular grid. Each
measurement target covers an area of 1mm × 9mm
and other structures are surrounding the measurement
targets. All measurement targets were produced in the
same process, which consisted of coating and litho-
graphic exposure followed by etching to produce a
line grating with 128 nm pitch and subsequent pitch
quartering for a final grating pitch of 32 nm using
self-aligned quadruple patterning (SAQP) (van Veen-
huizen et al., 2012; Chawla et al., 2014). In self-
aligned multiple patterning, the existing lines are
coated uniformly using atomic layer deposition, fol-
lowed by anisotropic etching which selectively re-
moves the deposited material on top of the lines and
in the trench, leaving the material on the sidewalls
(see fig. 1 a-c). Then, chemically selective etching
removes the original lines, leaving the material on the
former sidewalls as a grating with half pitch compared
to the original grating (fig. 1 d). For SAQP, this pro-
cess is performed twice to reach quarter pitch (fig. 1
e-g).
When the fill ratio of the lithographic exposure, i.e.
the ratio of line width to pitch, is not correct, self-
aligned multiple patterning results in nonuniform line
distances, called pitchwalk 훿푝 (see fig. 1 h). The dis-
tance between two lines is then alternating between a
higher and a lower value, such that the average pitch
stays the same. The wafer sample was produced with
different lithographic focus and exposure along one
axis, resulting in six rows of measurement targets with
varying pitchwalk, labeled PQ 1 – PQ 6. Along the
other axis the production conditions were kept the
same, resulting in columns of alike targets.
The grating lines are made of silicon oxide. Due
to the multi-step production process, the grating lines
rest on top of a layer structure consisting of 30 nm of
silicon nitride on top of 25 nm of titanium nitride on
top of 100 nm of silicon oxide, on the silicon wafer.
Further details of the sample production have been
published previously (Sunday et al., 2015; Villarrubia
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Figure 1: Self-aligned multiple patterning and pitchwalk. a-d) Self-aligned double patterning principle. The
processing steps are: a) conventional lithography, b) atomic layer deposition, c) anisotropic etching of the
deposited layer, leaving only the deposited side walls, and d) chemically selective etching to remove the
original line. e-h) Pitchwalk in self-aligned quadruple patterning. The panels show processing steps in
SAQP leading to a non-zero pitchwalk: e) conventional lithography with a line width which is too large, f)
first pitch doubling, g) second pitch doubling, and h) final feature. Dashed lines show how the distances
between lines in the final feature are determined in the process. The distances 퐵 change with the first ALD
layer thickness, 퐴 changes with the original line width and 퐶 changes with the original trench width. The
pitchwalk is 훿푝 = 퐴 − 퐶 .
et al., 2015).
SAXS (Sunday et al., 2015; Sunday et al., 2016) and
electron microscopy (Villarrubia et al., 2015) mea-
surements of the described samples are already re-
ported in the literature. We use the line shape recon-
structed from SAXS measurements by Sunday et al.
(Sunday et al., 2015) as a comparison for our GISAXS
measurements.
2.2 Grating Diffraction
The geometry of a GISAXS experiment (Levine et al.,
1989) is shown in fig. 2. A flat sample surface is il-
luminated under a grazing incidence angle 훼푖 using
monochromatic X-rays with wave vector 푘⃗푖. TheX-ray
beam is scattered elastically according to the geomet-
ric features on the sample surface. The intensity distri-
bution of the scatteredX-rays is collected using an area
detector, and from the exit angles 휃푓 and 훼푓 , the wave
vector of the scattered beam 푘⃗푓 is calculated. Consid-
ering only elastic scattering, |푘⃗푖| = |푘⃗푓 | = 푘 = 2휋휆 ,with the wave length of the incident light 휆.
We choose our coordinate system such that the sam-
ple plane is the 푥-푦-plane, the 푧-axis is the sample
normal and the projection of the incident beam onto
the sample plane falls onto the 푥-axis (see fig. 2). In
this coordinate system, we can express the scattering
3
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Figure 2: Geometry of GISAXS experiments. The
incident beam with wave vector 푘⃗푖 impinges under
the grazing angle 훼푖 onto the sample surface. The
scattered beam with wave vector 푘⃗푓 and exit angles
휃푓 and 훼푓 is collected by an area detector. The sample
can be rotated around the sample normal by the angle
휑.
momentum transfer 푞⃗ = 푘⃗푓 − 푘⃗푖 as
푞푥 = 푘 (cos 휃푓 cos 훼푓 − cos 훼푖) (1)
푞푦 = 푘 sin 휃푓 cos 훼푓 (2)
푞푧 = 푘 (sin 훼푖 + sin 훼푓 ) . (3)
The diffraction of line gratings can be under-
stood qualitatively using reciprocal space construction
(Mikulík et al., 2001; Yan and Gibaud, 2007). The
three-dimensional Fourier transform of the periodi-
cally spaced grating lines are grating truncation rods,
and their intersection with the Ewald sphere of elastic
scattering are the diffraction orders. In the coordinate
system adopted in this paper, the position of the grat-
ing diffraction orders in reciprocal space is (Pflüger
et al., 2017):
푞푥 = sin휑푛 2휋∕푝 (4)
푞푦 = cos휑푛 2휋∕푝 (5)
푞푧 =
2휋
휆
(
sin 훼푖+√
sin2 훼푖 − (푛휆푝)2 − 2 sin휑 cos 훼푖 푛휆∕푝
)
, (6)
with the grating pitch 푝, the grating diffraction order
푛 and the sample rotation 휑, with 휑 = 0 defined such
that the projection of the incoming beam onto the
sample plane is parallel to the grating lines (conical
mounting). If the grating pitch 푝 equals the unit cell
width of the grating, i.e. if all lines are identical, the
grating diffraction order is an integer, 푛 ∈ ℤ. How-
ever, in the samples we investigate the unit cell is a
multiple of the pitch, either due to alternating line
shapes (which doubles the unit cell size) or due to
pitchwalk (which also doubles the unit cell size). In
this case, additional grating diffraction orders arise
between the original diffraction orders, and the grat-
ing diffraction order assumes half or quarter values,
2푛 ∈ ℤ or 4푛 ∈ ℤ, respectively.
2.3 GISAXS Experiments
GISAXS measurements were performed at the four-
crystal monochromator beamline in the laboratory of
Physikalisch-Technische Bundesanstalt (Beckhoff et
al., 2009) at the BESSY II electron storage ring in
Berlin. The experimental setup consists of the beam-
line, a sample chamber and a detector sledge. The
beamline includes a monochromator allowing the ad-
justment of the photon energy in the range between
1.7 keV and 10 keV (Krumrey and Ulm, 2001), sev-
eral slits, and two pinhole stages for beam shaping.
The sample chamber (Fuchs et al., 1995) allows the
positioning of the sample in all three directions with
a precision of 3 µm and the rotation of the sample
around all three axes with a precision of 0.001°. The
Helmholtz-Zentrum Berlin’s SAXS detector sledge
(Gleber et al., 2010) further allows the movement
of the attached in-vacuum Pilatus 1M1 area detector
(Wernecke et al., 2014a) for sample-to-detector dis-
tances between 2m and 4m and exit angles of up to
1Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by any of the authors
or the National Institute of Standards and Technology, nor is
it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.
4
M Pflüger, RJ Kline, A Fernández Herrero, M Hammerschmidt, V Soltwisch, M Krumrey: Extracting
Dimensional Parameters of Gratings Produced with Self-Aligned Multiple Patterning Using GISAXS
0.4 0.2 0.0 0.2 0.4
qy / nm 1
0.6
0.8
1.0
q z
/n
m
1
a)
0.4 0.2 0.0 0.2 0.4 0.6 0.8
qy / nm 1
b)
5750 5850 5950 6050 6150 6250
E / eV
0.0 0.1 0.2 0.3 0.4 0.5
/ °
Figure 3: Reciprocal space map of GISAXS measurement points. a) By varying the photon energy 퐸,
the diffraction orders are translated in 푞푧. b) Variations of the azimuthal angle 휑 change the 푞푧 of higher
diffraction orders much more than the lower diffraction orders, yielding complementary information.
approximately 2°. The whole beam path including the
sample site is evacuated and a high vacuum is main-
tained. For the presented measurements, the beam
spot size was reduced to about 150 µm × 150 µm us-
ing a beam-defining 100 µm Pt pinhole (Plano GmbH,
Germany) and an adjustable slit system with low-
scatter blades (XENOCS, France) as a scatter guard.
Due to the large projected footprint in GISAXS mea-
surements, the GISAXS measurements were taken
from a column of targets next to the column measured
by SAXS. Because the production conditions were
identical in the columns, the measurements are fully
comparable.
GISAXS measurements were taken at a range of X-
ray photon energies퐸 and sample rotations 휑. 휑 = 0°
was aligned by tuning the sample rotation until the
recorded scattering was symmetric along the specular
axis, giving |휑| < 0.005°. The incident angle was set
to approximately 훼푖 = 1° and the exact value for 훼푖
was determined from the collected GISAXS patterns
and the calibrated sample-to-detector distance. For
all measurement targets, measurements were taken at
휑 = 0° for a range of photon energies from 5750 eV
to 6250 eV in steps of 50 eV, using 푡 = 300 s as the
exposure time. Additionally, at 퐸 = 5900 eV, 퐸 =
6000 eV and 퐸 = 6100 eV measurements were taken
for a range of sample rotations from 휑 = 0.1° to
휑 = 0.5° in steps of 0.1° using 푡 = 180 s (see figure 3).
In total, measurements at 26 different (퐸,휑) sets were
taken for each target. Using the signal of a calibrated
monitor diode, the obtained scattering images were
normalized to the incident flux and the exposure time.
Due to the counting limit of approx. 1 000 000 counts
per pixel of the used detector, the dynamic range of
the images was enhanced by combining each image
with an image with 푡 = 1 s. For the combination, an
intensity threshold corresponding to about 1 000 000
counts per pixel in the long exposure time image was
used, and all pixels above this threshold were taken
from the corresponding 푡 = 1 s image.
From the scattering patterns (see fig. 4 a) for an
example), the intensity of the diffraction orders is ex-
tracted by integrating over each diffraction order. The
background noise (mainly from diffuse scattering) is
estimated and subtracted from the diffraction orders.
Due to the low incidence angle 훼푖, the projection of
the incident beam on the sample is longer than the
measurement target. Therefore, an additional signal
due to scattering of the surroundings of the measure-
ment target is also visible in the scattering patterns.
In the surroundings is a structure with a period of
about 320 nm, which means the 10th diffraction or-
der of the surrounding structure 푛sur = 10 coincides
with the 푛 = 1 diffraction order of our target with a
period of 32 nm, see fig. 4 b). Fortunately, the scat-
tering of the surrounding structure is strong only for
small 푛sur , so that their contribution to the total scat-
tered intensity does not bury the target signal. To
account for these parasitic signals, the intensity of the
diffraction orders of the surrounding structure which
do not coincide with a diffraction order of our target
are extracted for 푛sur ≥ 4. The effect of the para-
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Figure 4: GISAXS pattern example. a) Scattering pattern taken from the target PQ 1 at 휑 = 0° and
퐸 = 6000 eV. Due to the high quality of the grating, scattering is confined almost exclusively to a semi-
circle. b) Detailed view of the first few diffraction orders, converted to a 푞푦-푞푥 map. The diffraction orders
of the target grating are marked with black numbers, visible are the 푛 = 0, 14 , 12 , 34 , 1 diffraction orders.Additionally marked with blue arrows and numbers are the parasitic diffraction orders stemming from the
surroundings. Each parasitic diffraction order is a double peak (from the surroundings before and behind
the target), and due to the 320 nm pitch of the surroundings, the 푛sur = 1 diffraction order is at the position
where a 푛 = 0.1 diffraction order of the target grating would be.
sitic signals on the diffraction orders is estimated as
the mean intensity of the parasitic diffraction orders,
which is 1.8 × 10−7. This is then subtracted from the
diffraction intensity of our target where the diffrac-
tion orders coincide. Experimental uncertainties of
the coinciding diffraction orders are estimated pes-
simistically as the maximum intensity of the parasitic
diffraction orders, which is 2.2 × 10−6. Experimen-
tal uncertainties of the quartered diffraction orders
which do not coincide with parasitic diffraction orders
(푛 = 0.25, 0.75, 1.25) are estimated as the background
noise, which is < 5 × 10−8 for all orders.
2.4 Simulation of the Diffraction
Intensity
To simulate the intensity of the diffraction orders, we
solved Maxwell’s equations using the finite element
modelling (FEM) software package JCMsuite (Pom-
plun et al., 2007) in version 3.18.15. For this, we need
to model the sample, and then discretize this model
with finite elements. For efficient FEM computations,
the number of finite elements must be kept as small
as possible, while still ensuring accurate results. For-
tunately, a GISAXS measurement of a grating can
be reduced to a two-dimensional problem, consisting
of a line profile in the 푦-푧-plane which is extended
infinitely in the 푥 direction and repeated periodically
in the 푦-direction (Soltwisch et al., 2017). The line
profile model we use consists of an axially symmetric
pair of lines on a substrate (see fig. 5 a). For the re-
construction of the undisturbed line with nominally
zero pitchwalk, the pitchwalk is fixed as zero, so that
the width of the simulated unit cell is twice the pitch
2푝 = 64 nm. Motivated by prior knowledge about
the production process and electron microscopic im-
ages of cross sections of similarly produced samples
(Sunday et al., 2015), the lines are described using
the line width, the line height, elliptic rounding of
three of the four corners, a side wall angle of one of
the sides, and the distance between the mirrored lines.
The parameters are varied within predefined limits,
the extent of these boundaries is shown in figure 5 b).
After discretizing the line profile with finite elements,
Maxwell’s equations are then solved for a monochro-
matic incident plane wave at a given incident angle.
For production reasons, there are several additional
layers underneath the grating. Unfortunately, their
simulation is time consuming due to their large height,
which contributes considerably to the total size of the
computational domain. Therefore, it is tempting to
neglect the effect of this multi layer by placing the
grating structure directly on top of the silicon substrate
in the computational model. However, comparing the
results from otherwise identical calculations with and
without the multi layer (see fig. 6 a), we find that the
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Figure 5: Computational model. a) Overview of the model and element composition. Two unit cells are
shown. Thin lines within the structures outline the finite elements used to calculate the electric fields.
For clarity, the thick silicon oxide layer and substrate at the bottom are not shown. b) Variability of the
model. The boundaries of line width, line height, and side wall angle are shown to the left. To the right, the
boundaries of the corner rounding are shown.
multi layer is needed for a faithful description. The
reason for this is, that the used incidence angle 훼푖 ≈
1° is higher than the critical angle of total external
reflection 훼푐 ≈ 0.3°, so that the X-rays penetrate into
the layer stack (see fig. 6 b). We therefore included
the multi layer in our model, with the thicknesses of
the individual layers as additional parameters.
The calculation yields diffraction efficiencies 휂 for
each diffraction order, assuming a perfect grating. To
account for the roughness of the modeled grating
along the lines, a Debye-Waller like factor (Mikulík
and Baumbach, 1999) exp(−푞2푦휎2) is introduced, withthe root mean square roughness 휎. Additionally, to
account for the X-ray intensity lost due to the afore-
mentioned footprint effect, a loss factor 푓 < 1 is
introduced, so that the final intensity 퐼 is:
퐼 = 휂 푓 푒−푞
2
푦휎
2
. (7)
With this setup, the simulation of a single measure-
ment geometry takes about 3 s.
3 Reconstruction of the
Undisturbed Line Shape
We reconstructed the line shape of target PQ 4 with
nominally zero pitchwalk from the measured GISAXS
diffraction intensities. To recover the shape from the
GISAXS measurements, the model parameters need
to be fitted to the data by minimizing the difference
between measured and simulated intensities. For a
given set of parameters, 24 measurement geometries
with differing 퐸 and 휑 were simulated and the resid-
ual difference between the simulated and measured
diffraction order intensities was calculated using the
diffraction orders ranging from 푛 = −2 to 푛 = 3 with
2푛 ∈ ℤ. To minimize this residual difference, the dif-
ferential evolution fitting algorithm (Storn and Price,
1997; Wormington et al., 1999; Hannon et al., 2016)
from the scipy software package (Jones, Oliphant,
and Peterson, 2001) was used. The fit converged after
about 22 000 function evaluations.
To obtain uncertainties for the reconstructed pa-
rameters, the affine invariant Markov chain Monte
Carlo (MCMC) algorithm (Goodman and Weare,
2010) as implemented in the emcee software pack-
age (Foreman-Mackey et al., 2013) was used. For the
MCMC evaluation, we use the likelihood function
 =∏
푘
1√
2휋푢2푘
exp
(
−(퐼푠,푘 − 퐼푚,푘)2
2푢2푘
)
, (8)
with the product over all measurement points 푘, the
simulated intensity of the 푘th point 퐼푠,푘, the measured
intensity of the 푘th point 퐼푚,푘, and the total uncer-
tainty of the 푘th point 푢푘. Because not all aspects of
the experimental setup can be simulated, not only the
measured data, but also the simulation carries an un-
certainty (Soltwisch et al., 2017; Herrero et al., 2019).
7
M Pflüger, RJ Kline, A Fernández Herrero, M Hammerschmidt, V Soltwisch, M Krumrey: Extracting
Dimensional Parameters of Gratings Produced with Self-Aligned Multiple Patterning Using GISAXS
5800 5900 6000 6100 6200
E / eV
0.0
0.5
1.0
di
ff.
 e
ff.
 / 
10
4
with ML
w/o ML
64 32 0 32 64
y / nm
150
125
100
75
50
25
0
25
50
z /
 n
m
0.0 0.5 1.0 1.5
electric field intensity / a.u.
a)
b)
Figure 6: a) Comparison of scattering into the first
diffraction order with and without the multi layer
(ML) under the grating lines. As can be seen, the
multi layer heavily influences the diffraction effi-
ciency. b) Simulated electric field intensity within
the structure. Black lines show the outlines of the
grating lines and the boundaries of the multi layer.
The field penetrates into the layer stack and forms
standing waves.
The uncertainty of the simulation 푢푠,푘 is estimated
using a linear error model
푢푠,푘 = 푎 퐼푠,푘 , (9)
with the error parameter 푎. Together with the mea-
surement uncertainty 푢푚,푘, the total uncertainty is
푢2푘 = 푢
2
푠,푘 + 푢
2
푚,푘 . (10)
When the geometrical parameters 푝⃗ of the line
shape are changed, a new simulation has to be car-
ried out to compute the likelihood. However, if only
the uncertainty factor 푎, the loss factor 푓 or the line
roughness 휎 are changed, the likelihood can be com-
puted without recomputing 퐼푠. We take advantage of
this fact by computing optimal values of 푎 and 휎 for a
given set of geometrical parameters 푝⃗ using a gradient
fit, obtaining a modified likelihood function
′(푝⃗, 푓 ) = max
푎,휎
(푝⃗, 푓 , 푎, 휎) , (11)
which we use for our MCMC evaluation. This reduces
the number of parameters in our MCMC evaluation
and therefore reduces computational effort. We never-
theless included the loss factor as a parameter in the
MCMC evaluation to be able to enforce 푓 < 1.
Slightly disturbed positions around the best fit from
the differential evolution algorithm were utilized as
the starting positions of the MCMC evaluation. The
first 225 000 function evaluations were discarded as
burn-in and the chain was run for over 500 000 further
function evaluations after burn-in. The best fit from
the MCMC run is shown in figure 7. It reproduces
the major features of the measured data, in particular
relative intensities of the diffraction orders and the
frequencies of the intensity oscillations in 퐸 and 휑.
However, the fitted uncertainty of the simulation is
푎 ≈ 39%, likely because our model did not include
incident beam divergence due to the high computa-
tional cost of evaluating beam divergence (Herrero
et al., 2019).
The geometry of the best fit is shown in figure 8.
For comparison, the reconstructed profile from SAXS
measurements (Sunday et al., 2015) is shown as well.
Note that in the SAXS reconstruction, a model with
two different line widths for adjacent pairs of lines
was used. As can be seen, the GISAXS and SAXS
reconstructions agree remarkably well on the gen-
eral form of the lines, including the corner rounding
and the slope of the walls. However, the width and
height of the lines do not agree between the reconstruc-
tions. To quantitatively compare the GISAXS mea-
surements with the SAXS measurements, the 95%
confidence intervals are calculated from the MCMC
results and compared to those extracted from the
SAXS measurements. Due to different parameteri-
zation of the GISAXS and SAXS line shape models,
only the line height and the line width (defined as
the width at a height of 20 nm) are directly compara-
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Figure 7:Best fit of simulation to data. For clarity, only a representative subset of the data is shown. Measured
intensity 퐼푚 is shown with connected circles, the corresponding simulation 퐼푠 with a shaded area which
represents the fitted uncertainty of the simulation. a-c) Photon energy scan taken at 휑 = 0, shown are the
diffraction orders with (a) 푛 = 0.5, (b) 푛 = 1.0 and (c) 푛 = 2.0. d-f) 휑 scan at 퐸 = 5900 eV, shown are the
diffraction orders with (d) 푛 = 0.5, (e) 푛 = 1.0 and (f) 푛 = 1.5.
ble, the results are shown in table 1. Considering the
large uncertainty of the simulation, the uncertainty
of the line height as reconstructed from GISAXS is
remarkably small. However, the results of SAXS and
GISAXS reconstructions do not agree within their un-
certainties, with a difference of 1.0(4) nm (expanded
푘 = 2 uncertainty). For the line width, the uncer-
tainty of the GISAXS reconstruction is much larger
than the uncertainty of the SAXS reconstruction, and
GISAXS yields a larger line width, with a difference of
2.0(13) nm (expanded 푘 = 2 uncertainty) compared
to the average of the two line widths measured by
SAXS.
The total computational demand of a full recon-
struction is governed by the Markov chain Monte
Carlo evaluation, which requires a total computation
time on the order of one year. Utilizing the highly
parallel nature of the problem and distributing the
computation over several workstations, we were able
to finish a full reconstruction in about one week. Due
to this high computational demand of the reconstruc-
Table 1: Comparison of key parameters reconstructed
from GISAXS and SAXS (Sunday et al., 2015) mea-
surements. Shown are the expanded 푘 = 2 uncer-
tainties.
Parameter GISAXS result SAXS result
/ nm / nm
Line height 40.1 ± 0.3 39.1 ± 0.3
Line width A 14.4 ± 1.3 12.4 ± 0.2
Line width B N/A 12.5 ± 0.2
tion, a full reconstruction of the five other measured
targets with a non-zero pitchwalk was not feasible us-
ing the presented method. In the next section, we will
therefore develop an approach built on the reconstruc-
tion of the target with nominally zero pitchwalk to
obtain measurements for the other targets much faster.
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Figure 8: Best fit profile. The fitted profile from SAXS measurements (Sunday et al., 2015) of the same
sample is shown for comparison. Two unit cells of the GISAXS model are shown. This equals one unit cell
of the SAXS evaluation, which included two different line widths for the two pairs of lines.
4 Pitchwalk
To introduce the pitchwalk 훿푝 into our computational
model, it was needed to simulate a unit cell with a
width of quadruple pitch 4푝 = 128 nm. Pitchwalk was
then described by alternating the distance between
pairs of lines (see fig. 9 a), resulting in the emergence
of additional quartered diffraction orders 4푛 ∈ ℤ. As
a first approximation, we assumed that the shape of
the lines is not affected by the pitchwalk. Therefore,
we could reuse the line shape reconstructed from the
undisturbed result, and were left with the pitchwalk
as the only geometrical parameter. We calculated the
diffraction order intensities for |훿푝| ∈ [0, 10]nm, in
steps of 0.1 nm, yielding a library of results (see fig. 9
b). Due to the axis symmetric nature of the problem,
negative and positive pitchwalks yield the same result,
so we restricted our calculation to the magnitude of
the pitchwalk |훿푝|.
To determine |훿푝| of a measured target, the inten-
sity of a quartered diffraction order which arises be-
tween the main diffraction orders (|푛| = 0.25, 0.75,
or 1.25) was compared to the simulated intensities of
the diffraction order in the result library, and |훿푝| at
which the difference is minimized was determined.
This yields a measurement of |훿푝| for each quartered
diffraction order and each measurement geometry,
for a total of 푁 > 40 measurements per target. We
then estimated |훿푝| and its type A uncertainty (JCGM,
2008) 푢(|훿푝|) from the arithmetic mean and the exper-
imental standard deviation, respectively.
The results are shown and compared to SAXS mea-
surements in figure 10. Qualitatively, the results agree
with maximum deviations between the measurements
of about 2 푢(|훿푝|). This shows that using a library
approach based on a known-good sample, pitchwalk
excursions can be quantified with GISAXS measure-
ments without the need for a time-consuming full line
shape reconstruction, albeit with large uncertainties
compared to SAXS. However, there are also further
effects that can be seen in the data.
Firstly, the GISAXS results show a clear bias to-
wards higher values of |훿푝|. This can be explained
by secondary effects of the introduced pitchwalk that
we neglected in our model due to the computational
constraints. For the SAXS measurements, a full re-
construction of the line profile was performed for all
targets, which was possible due to the dramatically
smaller computational effort required for SAXS mod-
elling. In this reconstructions, it was found that the
introduced pitchwalk did also change the line heights
and in particular the line widths of the different lines
in the unit cell (Sunday et al., 2015). The change in
line widths breaks the strict 64 nm periodicity and
therefore it contributes to the intensity of the quar-
tered diffraction orders in addition to the contribution
of the pitchwalk. Since we only considered the di-
rect effect of the pitchwalk in the GISAXS model and
neglected the change in line profile, our model consis-
tently overestimates the pitchwalk to fit the observed
higher intensities.
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Figure 9: Pitchwalk simulation model and results. a)
For the pitchwalk simulation, the unit cell is 128 nm
wide and one pair of lines is moved closer while
the other pair is moved further apart. b) Shown are
the simulated scattering efficiencies of the quartered
diffraction orders. For clarity, only the results for
퐸 = 6000 eV, 휑 = 0 are shown.
Secondly, at the highest |훿푝| values (for sample
PQ 1), the relative uncertainty of the GISAXS mea-
surement increases considerably and the measured|훿푝| is not higher than for sample PQ 2, as would be
expected. This is likely due to the rather large changes
in the line profile introduced by the highest pitchwalks.
According to the SAXS measurements, the line height
of the PQ 1 sample is circa 1 nm larger than the line
height of the PQ 4 sample we used as a reference.
As the GISAXS measurements are very sensitive to
changes in the line height, this deviation from our
assumption of an undisturbed line shape disturbs the|훿푝| determination based on the library approach, lead-
ing to diverging measurements and consequently high
uncertainties.
5 Conclusion
Gratings that are manufactured using current semi-
conductor production techniques exhibit complex line
profiles and material compositions, and perturbations
like pitchwalk might be introduced during the produc-
tion process. We have shown that these complex line
profiles as well as the pitchwalk can be reconstructed
using GISAXS measurements. However, a number
of additional challenges in the measurement as well
as the analysis have to be overcome compared to ear-
lier measurements (Soltwisch et al., 2017) of simpler
samples.
The measured grating targets were surrounded by
other structures, and the scattering of the surround-
ings contributed to the total signal. Therefore, we
suppressed the parasitic signals by using a small beam
and relatively high incident angles, and included the
residual parasitic signals as an additional measure-
ment uncertainty in our further analysis.
The data acquisition and the reconstruction of the
grating profiles was also challenged by the small pitch
푝 = 32 nm. The small pitch leads to only relatively
few grating orders (|푛| ≤ 2) being scattered above
the horizon even at the relatively high incident an-
gles (훼푖 ≈ 1°) we used. Using measurements at a
range of photon energies and sample rotations we
could nevertheless collect enough data points to suc-
cessfully reconstruct the grating line profile. The
PQ 1 PQ 2 PQ 3 PQ 4 PQ 5 PQ 6
target
0
1
2
3
4
5
6
7
|p
| /
 n
m
GISAXS
SAXS
Figure 10: Comparison between measurements of
pitchwalk using SAXS, GISAXS. The black bars
indicate the standard 푘 = 1 uncertainties. Both mea-
surement techniques measure qualitatively the same
behaviour. The GISAXS measurements show con-
sistently higher pitchwalk, but are compatible with
the SAXS measurements due to the relatively large
GISAXS uncertainties.
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reconstructed grating profile is compatible with re-
constructions from SAXS measurements within the
uncertainties in the general shape, side-wall angle and
corner rounding measurements, but the measured line
widths and heights do not agree. This reconstruction
shows the usefulness and limitations of GISAXS as a
metrology tool for small-pitch line gratings with com-
plex line profiles. However, the reconstruction was
numerically time-consuming due to the larger unit
cell and the multi layer under the grating, both lead-
ing to a large computational domain. Due to this high
computational demand, beam divergence could not be
simulated accurately, which leads to high simulation
uncertainties and consequently higher uncertainties
in the geometrical parameters.
To enable fast analysis of key parameters for multi-
ple samples despite the high computational demand,
we took a library approach. By calculating a library
of diffraction efficiencies from grating profiles only
disturbed by pitchwalk, we could efficiently analyse
a series of measurements of 6 measurement targets
with varying pitchwalk. The analysis yielded uncer-
tainties 푢(|훿푝|) < 0.5 nm for the smallest pitchwalk,
and higher uncertainties up to 푢(|훿푝|) ≈ 2 nm for the
highest pitchwalk. We compared the results of our
analysis with SAXS measurements, and found that
the differences were< 2.5 푢(|훿푝|) for all measurement
targets. However, we also identified a bias towards
systematically higher pitchwalks, and attributed this
together with the higher uncertainties at high pitch-
walks to additional changes in the line profile due to
the introduced pitchwalk. To improve the accuracy
of the pitchwalk measurements, a more comprehen-
sive library with not only differing pitchwalk, but
also differing line height and line widths would be
necessary. Unfortunately, even including a moder-
ate amount of additional parameters (e.g. two line
heights and two line widths) leads to unfeasibly many
geometries that have to be calculated for a full library
(e.g. 1005 = 10 000 000 000). Therefore, the devel-
opment of more efficient simulation methods geared
specifically to GISAXS measurements of periodic
structures would be most welcome and is a field of
future studies.
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